in GFP-PKC␥ translocation, and generated GFP-PKC␥ translocation waves that propagated across and between cells. These translocation responses (DAG) also oscillated between the cytosol and the plasma membrane after glutamate stimulation, suggesting that PKC is repetitively activated by combined oscillating increases in Ca 2ϩ and DAG concentrations. The expression of C1 domains, which increases the DAG buffering capacity and thereby delays changes in DAG concentrations, led to a marked prolongation of Ca 2ϩ spikes, suggesting that PKC activation is involved in terminating individual Ca 2ϩ spikes and waves and in defining the time period between Ca 2ϩ spikes.
Conclusions:
Our study suggests that cPKCs have a negative feedback role on Ca 2ϩ oscillations and waves that is mediated by their repetitive activation by oscillating DAG and Ca 2ϩ concentrations. Periodic translocation and activation of cPKC can be a rapid and markedly localized signaling event that can limit the duration of individual Ca 2ϩ spikes and waves and can define the Ca 2ϩ spike and wave frequencies.
Background
nication models is the finding that astrocytes are "Ca 2ϩ excitable" and that glutamate stimuli can trigger repetiGlial cells in the central nervous system have traditionally been thought to provide structural, metabolic, and functive long-range Ca 2ϩ waves that propagate within, as well as between, gap junction-connected astrocytes. Even tional support for neurons. More recently, experiments in primary cultures and in brain slices showed that though such spatially propagating Ca 2ϩ waves are operating in a more than 1000-fold slower time domain than astrocytes, a prominent CNS subtype of glial cells, can be stimulated by neuronal activity and that they can themelectrical signals, it is an exciting possibility that astrocyte Ca 2ϩ waves serve as a means to propagate information or selves regulate the excitability of neurons. This led to the hypothesis that astrocytes are not only helper cells to coordinate the activity of spatially separated astrocytes and neurons [6, 7] . but are participants in neuronal communication. This hypothesis was supported by the finding that Ca 2ϩ elevation in astrocytes can induce glutamate release [1] and that Glutamate-induced intracellular Ca 2ϩ oscillations and the released glutamate can, in turn, modulate the action waves in astrocytes were discovered by Smith and coworkpotential-evoked synaptic transmission [2] [3] [4] . Different ers [8] and have since been investigated by several labmodels explaining how such bidirectional neuron-astrooratories. At least four modes of Ca 2ϩ signals can be discyte communication can be achieved (i.e., [5] ) have been tinguished. At low stimulus concentration and at the proposed.
beginning of Ca 2ϩ increases, localized Ca 2ϩ spikes can typically be observed. Ca 2ϩ responses can also become synchronized on a cell-wide level, resulting in two other An intriguing aspect of these neuronal-astrocyte commu- waves actively spread across and between cells, a phenomena that is often observed both in single cells and in sheets of gap junction-connected cells.
Glutamate-triggered Ca 2ϩ signals in astrocytes are mediated by the metabotropic glutamate receptor 5 (mGluR5), and several studies have suggested that Ca 2ϩ oscillations and waves require a PKC-mediated phosphorylation of mGluR5, which reduces its coupling to G protein and phospholipase C [9] [10] [11] [12] . Similar receptor phosphorylation mechanisms were proposed for other cell types and receptors (i.e., [13] ). PKC was also shown to downregulate phospholipase C, and, in one system, a specific PKC phosphorylation site for this negative feedback has been identified in PLC-␤3 [14] . This raises the important question of whether the Ca and how DAG participates in generating the Ca 2ϩ oscillamicroscopy method. The laser beam is directed into the prism at such an angle that it reflects off the glass-water interface rather than tion pattern.
passes through. This total reflection of the laser beam generates an evanescent wave field that excites GFP at or near the surface of
Since the flat morphology of astrocytes prevented the the plasma membrane, with only minimal excitation of GFP inside the successful use of confocal microscopy in our initial studies, cell (within ‫07ف‬ nm from the glass surface). (b) Glutamate-triggered translocation of GFP-PKC␥ to the plasma membrane can be monitored we developed a total internal reflection fluorescence (TIRF)
as a marked increase in the fluorescence intensity in the TIRF image.
microscopy strategy [15] [16] [17] to investigate the role of con-
The panel on the right shows a schematic view of how TIRF can be ventional PKC in astrocyte Ca 2ϩ oscillations and waves. membrane translocation of GFP-PKC␥ in glutamate-stimulated hippocampal astrocytes. The biochemical similarity in the regulatory requirements of the different conventional PKC isoforms suggests that the PKC␥ isoform can plasma membrane, with only minimal excitation of the be used as a model for all cPKCs [18] [19] [20] . The temporal cytosolic GFP. Thus, the translocation of GFP constructs and spatial roles of DAG in PKC activation were explored from the cytosol to the plasma membrane leads to an by using GFP-conjugated minimal DAG binding domains increase in fluorescence intensity since the proteins come (C1 and tandem C1 domains) [18, [21] [22] [23] [24] ] to monitor from the dark cytosol into the evanescent wave field near plasma membrane DAG levels.
the plasma membrane (see schematic panels in Figure  1 ). Compared to confocal microscopy, this TIRF method In this TIRF-imaging technique, a laser beam is totally significantly increases the signal-to-noise for plasma meminternally reflected from the glass-water interface and brane translocation studies and provides a new tool for generates an exponentially decaying excitation field translocation measurements in astrocytes and other cells (termed an evanescent wave) with a penetration depth of with flat morphologies. Since the z-resolution is about 10-‫07ف‬ nm. Since the contact plasma membrane itself is times better compared to that of confocal microscopy, only a few nm thick and is close to the glass surface, this method selectively excites GFP molecules at or near the the x-y-membrane distribution of fluorescent proteins can also be better resolved due to the absence of out-of-focus experiments), the increases were repetitive. This suggests that GFP-PKC␥ translocates repetitively to the plasma light contributions. membrane in response to glutamate stimuli ( Figure 2a , Using this TIRF microscopy approach combined with upper trace). The traces in Figure 2 were obtained by monitoring the average fluorescence intensity at a cell measurements of intracellular Ca 2ϩ concentration, we surface region as a function of time (the region used for found that highly localized GFP-PKC␥ translocation this trace is shown in Figure 1 ). The two images shown events can occur at low stimulus intensities or at the in Figure 1a and 1b were taken at the time points marked beginning of Ca 2ϩ responses, that oscillating translocain the upper trace in Figure 2a . The oscillatory pattern tions of cPKC are triggered by repetitive Ca 2ϩ transients, of fluorescence intensity changes was also observed at and that cPKC translocates to the plasma membrane in lower glutamate concentration (10 M) and in extracelluwaves across and between cells. Strikingly, we found that lar buffer without Ca 2ϩ (data not shown). In control meathe repetitive activation of cPKC is mediated not only surements, glutamate addition to cells expressing the through Ca 2ϩ -triggered translocation of the C2 domain GFP protein alone or a plasma membrane-targeted GFP but also by the periodic activation of the DAG binding with a fused palmitoylation/myristoylation sequence (PM-C1 domains due to oscillations in DAG concentration.
GFP) [26] did not induce significant changes in fluoresThe observed oscillations in DAG concentration suggest cence intensity. This excludes the possibility that the that each Ca 2ϩ spike triggers a positive Ca 2ϩ feedback observed fluorescence intensity changes of GFP-PKC␥ onto phospholipase C, which in turn generates additional are caused by cell movement and not by the plasma mem-DAG. The synergistic production of DAG and Ca 2ϩ sigbrane translocation of the kinase itself (data not shown). nals, and the resulting activation of PKC, leads to a de-
The behavior of GFP-PKC␥ was representative for all layed termination of individual Ca 2ϩ spikes and to a procPKCs, since astrocytes transfected with GFP-PKC␣ and longed downregulation that can define the time period GFP-PKC␤I showed the same type of oscillating translountil the next Ca 2ϩ spike is triggered. Furthermore, the cation after glutamate stimulation (data not shown). expression of DAG buffers as well as increased concentrations of cPKC alter the pattern of Ca 2ϩ spikes and waves, suggesting that PKC is activated repetitively by oscillaIn order to understand how Ca 2ϩ signals and PKC translotions of both of its coactivators, Ca 2ϩ and DAG, and indeed cation relate to each other, we measured GFP-PKC␥ has a critical negative feedback role in generating Ca 2ϩ translocation in parallel with the concentration of intraceloscillations.
lular Ca 2ϩ [18, 20] . These dual measurements were achieved by microporating the GFP-PKC␥ construct to-
Results and discussion
gether with the red-shifted Ca 2ϩ dye Ca 2ϩ Crimson. In
Role of cPKCs in generating astrocyte
these measurements, the light path and wavelength were Ca 2؉ -spiking patterns rapidly switched between the TIRF-excited GFP-PKC␥ We investigated how conventional PKC isoforms may signal and the epifluorescence-excited Ca 2ϩ dye (see Maparticipate in the regulation of glutamate-induced Ca 2ϩ terials and methods). Using this method, glutamate-stimoscillations by monitoring the plasma membrane transloulated astrocytes showed a marked temporal correlation cation of an expressed GFP-conjugated PKC␥ isoform between the intracellular Ca 2ϩ spikes and GFP-PKC␥ (GFP-PKC␥) [23, 25] . In these experiments, cultured hiptranslocation (Figure 2a ), suggesting that each upstroke pocampal astrocytes (1-2 weeks in culture) were transin intracellular Ca 2ϩ triggers a translocation of GFP-PKC␥ fected with the PKC constructs by microporation [26] .
to the plasma membrane. The glutamate-induced GFP-PKC␥ translocation to and its dissociation from the plasma membrane were analyzed by selective illumination of the surface plasma membrane When Ca 2ϩ responses were analyzed for the same glutausing total internal reflection fluorescence microscopy mate concentration in astrocytes that did not express ( Figure 1 ). In this microcopy method, the cellular fluores-GFP-PKC␥, a smaller number of cells had oscillating or cence is very low for cytosolic GFP-PKC␥ (Figure 1a) repetitive spiking responses (43% of the experiments, n ϭ 6 out of 14 experiments, compared to 72%, or n ϭ 21 out and becomes several-fold stronger after the PKC isoform of 29 experiments). Also, the oscillatory Ca 2ϩ responses translocates to the plasma membrane following glutamate in cells without GFP-PKC␥ had a dampened sinusoidal stimulation (Figure 1b) . A schematic view of the TIRF pattern ( Figure 2b ; two typical traces are shown) rather principle for translocation imaging is shown in panels on than a pattern of repetitive baseline spikes, as seen in the right of the images.
cells that had GFP-PKC␥ expressed (for example, Figure  2a ). This suggests that an increase in cellular cPKC conIn all cells expressing GFP-PKC␥, the addition of 100 M glutamate resulted in a significant increase in fluorescence centration might strengthen a negative feedback component that brings Ca 2ϩ levels back to baseline after each intensity at the plasma membrane, and strikingly, in most of the series of TIRF images analyzed (n ϭ 21 out of 29 Ca 2ϩ spike. 
Propagation of GFP-PKC␥ translocation waves
( Figure 3c ) or in the presence of weak stimuli. When and local GFP-PKC␥ translocation sites stimulated at high glutamate concentrations, astrocytes When several transfected astrocytes were present in the expressing GFP-C2 showed cell-wide repetitive translofield of view, the analysis of a series of TIRF images cations and translocation waves with patterns similar to showed that glutamate stimulation induced repetitive those of GFP-PKC␥. This suggests that the local hot spots GFP-PKC␥ fluorescent waves that propagated across and of PKC plasma membrane translocation events result from between cells (Figure 3a , see Movie 1 in the Supplemenlocal Ca 2ϩ spikes [30, 31] and that a main driving force tary material available with this article online). This imfor local, as well as cell-wide, cPKC translocation is the plies that cPKC's translocation to the plasma membrane increase in Ca 2ϩ concentration. The observed discrete occurs in the form of translocation waves. These translocasites of C2 domain translocation suggest that local "target tion waves are likely driven by the glutamate-induced activation units" exist at the astrocyte plasma membrane intra-and intercellular Ca 2ϩ waves observed previously and that such sites can also serve as origination points for [8, 27, 28] . The propagation rate for PKC translocation of Ca 2ϩ waves [32]. 10-20 m/s at room temperature is similar to the previously measured propagation rates for Ca 2ϩ waves.
Glutamate-induced oscillations in the translocation of GFP-conjugated C1 domains that bind DAG
Biochemical studies have shown that Ca 2ϩ -induced bindIn most experiments, the repetitive translocation waves originated at a defined plasma membrane site where the ing of conventional PKC isoforms to lipid membranes induces only minimal PKC activation and that full activatranslocation of GFP-PKC␥ was often more persistent, was asynchronous, or preceded the repetitive translocation requires the binding of the coactivator DAG [22] . During baseline Ca 2ϩ spiking or Ca 2ϩ oscillations, two tions in the rest of the cell (Figure 3b , see Movie 1 in the Supplementary material). In order to investigate such possible scenarios may apply. First, the level of DAG may be constant or may increase slowly after glutamate local translocation hot spots at the plasma membrane, we utilized a construct that fused GFP with the PKC␥ C2 stimulation, and cPKCs would then be activated by repetitive Ca 2ϩ -C2 domain-mediated translocation. In the secdomain, a minimal Ca 2ϩ and lipid binding domain that has been shown to translocate to the plasma membrane ond hypothesis, a previously shown Ca 2ϩ -dependence of phospholipase C activity may lead to parallel oscillations in response to Ca 2ϩ signals and not to DAG signals (GFP-C2␥) [18, 29] . In astrocytes expressing GFP-C2␥, TIRF in the DAG concentration, which would result in repetitive C1 and C2 domain-mediated cPKC activation and microscopy revealed transient micrometer-sized fluorescent spots that could best be observed in basal conditions inactivation that depends on the repetitive increase and , as well as DAG. The second mechanism of 21 experiments. Furthermore, in 9 of the 15 experiments in which translocation was observed, maximal gluwould provide a much sharper on-and-off process for repetitive PKC activation during Ca 2ϩ oscillations. We tamate administration (100 M-1 mM) triggered an initial rapid translocation of the DAG biosensor, followed by a tested these two hypotheses by using GFP-conjugated DAG binding domains as fluorescent biosensors for series of repetitive translocations (Figure 4b ). This finding that glutamate triggers repetitive translocation and spatial plasma membrane-generated DAG.
propagation of the DAG binding domain suggests that changes in Ca 2ϩ and DAG concentrations are indeed funcThe structure of one of the C1 domains of PKC-␦ has been solved [21] , and biochemical studies have shown tionally coupled and may lead to oscillating coincidence signals and a resulting steep and repetitive cPKC actithat the tandem domain has high affinity for diacylglycerol. When compared to the C1 domain from PKC␥, GFPvation. conjugated tandem C1 domains from PKC␦ showed a stronger translocation signal in response to the addition We also found that the GFP-C1 2 ␦ domain probe translocated to the plasma membrane after the addition of the of submaximal concentration of DiC8 (a DAG analog) (data not shown). We therefore used the GFP-conjugated Ca 2ϩ ionophore ionomycin (0.5-1 M). This increase in fluorescence was not an artifact, since ionomycin addition PKC␦ C1 2 domain to monitor glutamate-triggered DAG production in astrocytes. In cells that express GFP-C1 2 ␦, to astrocytes expressing cytosolic GFP or myristoylated/ palmitoylated PM-GFP did not show this increase (data the addition of glutamate (100 M or 1 mM) induced a rapid increase in TIRF fluorescence, suggesting that not shown). The ionomycin-triggered C1 domain translocation could be explained by a production of DAG via functionally relevant amounts of DAG are generated by glutamate. Strikingly, the fluorescent signal propagated the activation of Ca 2ϩ -sensitive PLC, or by an unknown Ca 2ϩ binding site on GFP-C1 2 ␦. However, the available across the cell (see Movie 2 in the Supplementary material) in similar fashion to the signals observed in cells crystal structure of one of the C1 domains of GFP-C1 2 ␦ does not indicate that such a Ca 2ϩ binding site exists [21] . expressing GFP-PKC␥. Translocation events also appeared to be highly localized in many cases. Oscillating
Since control measurements with an inhibitor of PLC (U73122) were inconclusive (U73122 caused Ca 2ϩ intranslocations of the DAG biosensor occurred in 15 out creases itself), we used a GFP-conjugated single C1 doafter glutamate stimulation. In 9 of the 15 experiments main (C1A, also termed Cys-domain) from PKC␥ as an in which translocation occurred, rapid-oscillating GFPalternative DAG binding construct (GFP-C1A␥) [23] . C1 2 ␦ translocation was observed (Figure 4b ). However, Even though this probe has a lower affinity for DAG, half in the remaining 6 out of 15 experiments, the TIRF of the responsive astrocytes exhibited repetitive translocamicroscopy analysis revealed a limited number of much tions of this C1A DAG biosensor (n ϭ 4, out of 8 experislower GFP-C1 2 ␦ translocation events and Ca 2ϩ tranments). The remaining cells responded with a single fluosients. For these transient Ca 2ϩ increases, the upstroke rescence increase. In the experiment shown in Figure  of the GFP-C1 2 ␦ translocations was fast, whereas the re4c, in which dual DAG and Ca 2ϩ measurements were covery time for Ca 2ϩ signals and translocation was much performed, the Ca 2ϩ increases precede the GFP-C1A␥ slower, requiring more than 25 s to drop back near the translocation to the plasma membrane. Together with basal level. Moreover, in these cells, a higher amplitude the data from the tandem C1 domain from PKC␦, these of the relative fluorescence increase suggested that more measurements suggest that oscillations in DAG concen-DAG was produced during each transient in these cells trations occur and that oscillating Ca DAG by the GFP-C1 2 ␦ probe delays the physiological Thus, the observed oscillations in DAG and Ca 2ϩ signals inactivation of PLC by slowing the activation of PKC. and the marked effect of increasing PKC concentration
The longer duration and the higher amplitude can best on Ca 2ϩ oscillations described above support the hypothebe explained by such a buffering effect on DAG. sis that repetitive PKC activation is a key control element of the astrocyte Ca 2ϩ -signaling response.
When the timing between Ca 2ϩ signals and C1 domain translocation was directly compared, the measured Ca -signal patterns, the excreased first, and the GFP-C1 2 ␦ translocation started secpression of increased concentrations of C1 domains should onds later once the intracellular Ca 2ϩ level reached an alter the shape and frequency of Ca 2ϩ spikes since the apparent threshold value ( Figure 5, lower panel) . This C1 domains act as a buffer for DAG, which should in turn suggests that the Ca 2ϩ -mediated activation of PLC and slow changes in DAG concentration. As discussed above, the resulting production of DAG are triggered once a oscillating translocations of the PKC␦-C1 tandem biosensor (GFP-C1 2 ␦) were observed in 15 out of 21 experiments critical Ca 2ϩ level is reached. is then expected to support the termination of each Ca 2ϩ spike by the translocation of the C1 domain is delayed by a few seconds phosphorylating the GPCR, PLC, and other upstream signaling and that the GFP-C1 2 ␦ translocation is triggered only after reaching proteins. The same cPKC-mediated phosphorylation events would a threshold in Ca 2ϩ concentration. The maximum change in relative then generate a prolonged downregulation with a recovery rate that fluorescence intensity was 1.3 for the GFP-C1 2 ␦ trace and 0.45 for defines the time period (frequency) when the subsequent Ca 2ϩ spike the calcium trace.
is triggered. activation [18] suggested that the DAG binding to the transients and waves plasma membrane-localized PKC is delayed by several How can these results be put together with our current seconds even if DAG is present in the plasma membrane. knowledge of Ca 2ϩ regulatory mechanisms? Figure 6 More interestingly, the now measured delayed increase shows a model of the feedback loops that are likely signifiin the translocation of C1 The previously observed delayed binding of DAG to PKC back of Ca 2ϩ onto the IP3-receptor is shown in red (i.e., [18] , combined with the now observed delayed increase [37-39]). Our study now suggests that cPKCs are involved in DAG concentration, allows for a potent delay in PKC in mediating at least two additional negative feedbacks activation so that PKC only becomes active a few seconds that are critical for controlling astrocyte Ca 2ϩ signals after the Ca 2ϩ transient is triggered. The activated PKC (shown in red in the right panel).
Model for a role of oscillating
can then phosphorylate targets such as the inhibitory threonine 840 in the C-terminal region of mGluR5 [9] or the We propose that cPKCs, which require Ca 2ϩ for translocaserine 1105 site on PLC-␤3 [14] , and thereby participate tion and DAG for activation, are activated in a periodic in terminating individual Ca 2ϩ spikes and waves. A second fashion during Ca 2ϩ oscillations, spiking, or waves. In this likely role for cPKC-mediated phosphorylation is to delay model, a delayed on-and-off-type mechanism for cPKC the triggering of the subsequent Ca 2ϩ spike by a proactivation is mediated by repetitive engagement of its C1 longed downregulation of the signaling system. The resulting delayed time period for triggering the next Ca 2ϩ and C2 domains due to oscillations of the two coactivators, Our TIRF microscopy studies show that the plasma memthat the total internal reflection occurred at the glass-water interface.
brane translocation of conventional PKC can be controlled
The angle used for total internal reflection (‫02ف‬Њ) was calculated to produce an exponentially decaying intensity field in the cell above the by an intricate spatial and temporal regulatory process.
glass surface with a space constant of ‫07ف‬ nm. Cells were grown on TIRF microscopy, the imaging method used for this anal- for defining the shape of Ca 2ϩ spikes and the frequency at which they are triggered.
All experiments were made at room temperature. Before each experiment, the coverslips were washed three times with an extracellular buffer (5 mM KCl, 125 mM NaCl, 20 mM HEPES [pH 7.4], 1.5 mM CaCl 2 , 1.5
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mM MgCl 2 , and 10 mM glucose). All added substances were dissolved
Cell culturing
or diluted in the same buffer. Primary hippocampal astrocytes were imaged in mixed neuron/glia cocultures, obtained from 3-to 4-day-old Sprague-Dawley rats, as described When the GFP construct translocations were measured concurrently [26] . Briefly, after the quick subdivision of the hippocampi into small with intracellular Ca 2ϩ concentration, a second argon/krypton ion laser sections, the tissue was incubated into a digestion solution consisting was used to excite the Ca 2ϩ dye Ca 2ϩ Crimson (excitation 568 nm) of 10 g/ml trypsin type IX (Sigma) and 0.5 g/ml DNase type IV (Sigma).
through the epifluorescence pathway. The two emitted wavelengths were The pieces were then mechanically dissociated in a Hank's solution transmitted by a custom-made dichroic mirror and by two emission filters supplemented with 12 mM MgSO 4 and 0.5 g/ml Dnase type IV. After (500-nm-long pass for GFP, and 590-nm-long pass for Ca 2ϩ Crimson) centrifugation, the cells were plated onto Matrigel-coated coverslips and placed in a software-controlled BioPoint filter wheel. The shutters (to maintained in MEM (GIBCO) supplemented with 0.6% glucose, 1 mM alternate the excitation pathways) and the position of the filter wheel NaHCO 3 , 2.4 g/l transferrin (Calbiochem), 0.25 g/l insulin (Sigma), 0.3 were controlled by Metamorph software (Universal Imaging). Since the g/l glutamine, 5% fetal calf serum (Hyclone), and 8 mM AraC. The evanescent wave and the epifluorescence excitation were used sequencultures were maintained at 37ЊC in a 95% air-, 5% CO 2 -humidified tially, the two fluorescent spectra had only an insignificant overlap. incubator and were used 7-14 days after plating.
Supplementary material Cloning of GFP fusion constructs and electroporation
Supplementary material including Movies 1 and 2, showing the repetitive The C1 2 domains of PKC␦ were amplified by PCR, and the PCR products propagating signal of GFP-PKC␥ and GFP-C1 2 ␦, respectively, is availwere cloned into EGFP vectors from Clontech. The PM-GFP construct able at http://images.cellpress.com/supmat/supmatin.htm. that uses the C-terminal palmitoylation/myristoylation sequence from Lyn to target GFP to the plasma membrane was described in [26] . The
